The Wenner technique is becoming increasingly popular for measuring resistivity of reinforced concrete to assess the rate of corrosion of the steel reinforcement once it becomes depassivated by chloride attack or carbonation. This paper summarizes work carried out over several years at the University of Liverpool in assessing the efficiency of this technique. Several sources of measurement error are identified, and recommendations are put forward to enable engineers to obtain more accurate results when using this technique in practical situations, and hence to evaluate the severity of ongoing corrosion problems.
INTRODUCTION
The presence of corrosion activity occurring on steel reinforcement in concrete structures can be readily assessed by measuring the potential of the steel against a reference half-cell, such as copper/copper sulfate. ASTM C 876 1 serves as a guideline as to the probability of active corrosion. Specific ranges of potential are ascribed to different probabilities of active corrosion. This interpretation is based on the work of Stratfull, 2 which was carried out on bridge decks in the U.S. where ingress of deicing salts had occurred.
More recently, application of potential measurements to reinforced concrete structures in a variety of environments has led to the conclusion that different potential limits define the probability of active corrosion in different environments. 3 An alternative approach to studying absolute potential values is to carry out potential contour mapping over the surface of a structure. Potential differences exceeding 200 mV between different locations on a surface are indicative of corrosion activity, particularly where the potential contour lines are closely spaced. 4 Potential differences of 100 mV warrant further investigation. The positions of most likely active corrosion are the positions of most negative potential.
If the measurement of absolute potentials or relative potential mapping indicates that active corrosion is likely to be occurring, then a measurement of concrete resistivity may be used to assess the probable maximum rate of corrosion and hence the potential severity of the problem. The electrical resistance of the concrete regulates the ionic flow current between anodic and cathodic areas of the reinforcement. The higher the concrete resistivity, the lower the current flowing between anodic and cathodic areas, and therefore the lower the corrosion rate. A relationship between corrosion rate and concrete resistivity has been derived empirically from measurements of actual reinforced concrete structures. 5 This relationship can only be of value to the engineer if the resistivity of the concrete can be measured accurately and with confidence. This paper will outline some of the mistakes that can be made in assessing concrete resistivity and some steps that can be taken to minimize errors.
MEASUREMENT PROCEDURES
The most commonly used technique for measuring resistivity in practical situations is the Wenner technique, 6 shown in Fig.  1 . This technique was originally developed for geophysical prospecting, but has been more recently applied to concrete. 7 Four equally spaced contacts are made with the concrete surface, and a small AC current I is passed between the outermost two contacts. The resultant potential difference between the inner two contacts V is measured. The resistivity σ of the concrete, for a semi-infinite geometry is then given by (1) where a is the contact spacing in cm.
In practice, however, this technique must be used with care or significant errors can be obtained in the readings obtained. Research work at the University of Liverpool over the past decade has identified six principal sources of error in taking resistivity measurements. Errors may be due to the influences of concrete geometry, concrete nonhomogeneity, poor surface contact, sur- face layers of different resistivity from the bulk of the concrete, the presence of steel reinforcement, and changes in the ambient environmental conditions. The purpose of this paper is to outline these sources of error and suggest how these errors can be minimized in practice.
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Geometrical constraints
The current and potential fields produced by a Wenner resistivity measurement only lead to a correct value of the resistivity from Eq. (1) if they are able to exist in a semi-infinite volume of material. Where the dimensions of the concrete element being studied are large in comparison to the Wenner electrode spacing a, then the assumption of a semi-infinite geometry does not lead to significant errors. However, if the dimensions of the concrete element are relatively small, the current is constricted to flow into a different field pattern to that shown in Fig. 1 . This will result in an overestimation of the evaluation of the resistivity of the concrete.
In practice, it has been found that a significant error can occur if resistivity measurement is taken on a thin concrete section or near to an edge. The effect, however, is minimal if the measurement is taken near to an end. 8 This is illustrated in Fig. 2 , where the ratio of apparent measured resistivity σ a to true resistivity σ t is significantly affected by the section dimensions h and b. In Fig. 3 , it can be seen that the distance x has a significant effect on σ a . It was found, however, that the end distance y, from the end of a concrete section to the nearest resistivity contact, had very little effect on σ a . Even when one contact was positioned right at the end of the section (i.e., y = 0), there was only a 10% overestimation in the resulting measurement of the concrete resistivity.
From these experimental findings, it is recommended that a contact spacing should be used not exceeding 1/4 of the concrete section dimensions. The distance of the contacts from any element edge should also be at least twice the contact spacing, but the proximity of a contact to the end of an element can be ignored.
Surface contacts
The area of surface contact was not found to affect significantly the measurements obtained using the Wenner four-contact technique. If a two-contact method is used, however, where the current application and potential difference measurements are taken between the same two surface contacts, then it is found that the measurements are very sensitive to the area of surface contact. This is illustrated in Fig. 4 , which shows results obtained as the contact diameter was varied using both the fourcontact and two-contact techniques. These results come from both physical testing and a numerical finite element modeling. Note that the constant factor of 2Ω has been omitted from Eq.
(1) to enable both the two-contact and four-contact measurements to be shown using a common y-axis in Fig. 4 . Hence, the four-contact measurements shown are not the actual resistivity. Similarly, an empirical constant is absent in the two-contact measurements to convert aV/I into a true resistivity. It is nonetheless clear, however, that the two-contact method is very sensitive to any deviation from the chosen contact area.
It should also be noted that, even for the four-contact method, it is essential to insure a good electrical contact is made with the concrete surface. This is particularly important for the two inner contacts measuring the potential difference. An uneven electrical contact between these contacts and the surface of the concrete can lead to spurious common mode voltages, with significant errors resulting. 9 The use of a relatively low frequency AC applied current, approximating to DC, helps to minimize this effect. In practice, this has been achieved by using a square wave signal at less than 30 Hz, or by sampling a sine wave signal at less than 1 Hz. The use of a DC signal would lead to problems due to polarization effects at the surface contacts and hence should be avoided.
From these experimental findings, it is recommended that a good electrical connection is made between each resistivity contact and the surface of the concrete, e.g., by using a high-conductivity contact gel. For the four-contact Wenner technique, the contact surface area is not important.
Concrete nonhomogeneity
It is assumed that, when using the Wenner resistivity technique, the material being measured is homogeneous, but concrete contains aggregate particles, normally with a very high resistivity, and cement paste with a much lower resistivity. The influence of individual aggregate particles upon the resistivity measurement is not significant if the particle size is small or the Wenner contact spacing is large. If the contact spacing is re- duced, however, the presence of a high-resistivity aggregate particle immediately beneath one of the surface contacts results in a random scatter in the repeatability of the measurement. Increasing the contact spacing results in a current field that penetrates deeper below the surface of the concrete and hence gives a measure of a larger volume of concrete. The presence of individual aggregate particles within this field then becomes less noticeable.
This effect was studied 10 by assessing the standard deviation of repetitive Wenner resistivity measurements on a concrete specimen as the contact spacing was changed. As would be expected, the aggregate in the concrete had a greater effect when the contact spacing was smaller, and the current field was concentrated into a smaller volume of concrete. However, from a series of repetitive measurements it was observed that the standard deviation did not exceed 5%, as long as the contact spacing was 1.5 times (or greater) as large as the maximum aggregate size (Fig. 5 ). Thus, it is recommended that the spacing of the resistivity contacts should be at least 1.5 times the maximum aggregate size. Where the use of a small contact spacing is required, the average of several repeat resistivity measurements taken at different locations must be used to remove the scattering effects due to local aggregate particles.
Presence of steel reinforcing bar
The current field is also distorted during a Wenner resistivity measurement by the presence of a steel reinforcing bar directly underneath the position of measurement. Experimental investigations and finite element modeling of this were performed, and it was found that measurement error was only significant if a measurement position was selected directly over a bar. 11 The error was not significant if the measurement position was orthogonal to a bar or located remote from a parallel bar. Fig. 6 illustrates the results, and it will be seen that, even if resistivity measurements are taken directly over a bar, significant errors can be avoided if a contact spacing is used that is less than two-thirds the concrete cover to the bar. For example, for c/a ≥ 1.5 in Fig. 6 , there is little difference between the measured resistivity and the true resistivity. Where it is not possible or convenient to use such a small contact spacing, a correction must be applied to resistivity measurements taken directly over and parallel to steel reinforcing bars beneath the surface to compensate for the presence of the bar. However, it is recommended that an electromagnetic covermeter or bar detector be used to determine the position of steel reinforcement so that the effect on a resistivity measurement can be minimized.
Effect of surface layer of different resistivity
A surface layer beneath the measurement contacts having a different resistivity from the underlying concrete has the effect of distorting the applied current field. The resultant effect on the measurement depends on whether the surface layer has a higher or a lower resistivity than that of the underlying concrete. A sur- face layer with a low resistivity is found to cause greater errors in the measurement of the resistivity of the underlying concrete than a surface layer with a high resistivity.
For the presence of a relatively low resistivity surface layer, such as might be caused by the ingress of salt into the concrete surface, the results plotted in Fig. 7 were obtained 12 as the contact spacing was varied. The results obtained from experimental measurements were compared with those obtained from computer modeling. Good agreement was found between experimental results and numerical modeling. It may be seen that significant error in the measured resistivity may be avoided, provided that the contact spacing is at least eight times the surface layer thickness, i.e., a/t ≥ 8.
While the presence of a single surface layer can easily cause quantified errors in the resistivity measurement of the underlying concrete, a double surface layer can cause quite paradoxical results that may not be so easily minimized or compensated.
A relatively high-resistivity surface layer is formed by carbonation of the concrete. Subsequent rainfall will produce a second low-resistivity surface layer on top of the carbonation layer. It has been found that distortion of the current field due to the two surface layers can produce an artificially high resistivity measurement of the underlying concrete. 12 Measurements obtained on dry concrete, with a carbonated surface layer taken with and without a layer of moisture sprayed on to the surface, are shown in Fig. 8 . It can be seen that the influence of the carbonation layer matches the numerical model well, and its effect can either be compensated if the thickness and resistivity of this surface layer are known or minimized by selection of an appropriate contact spacing. The subsequent wetting of the concrete, however, may cause either an increase or decrease in the resistivity measurement, depending upon the contact spacing and the thickness of the moisture layer. This effect cannot easily be compensated or minimized by an appropriate selection of the contact spacing. As a result of the unavoidable errors caused by low-resistivity surface layers, it is recommended that resistivity measurements are avoided on recently wetted concrete surfaces, particularly where surface carbonation has occurred. Where a thin surface carbonation layer is thought to be present, it is recommended that the carbonation layer thickness is measured and a resistivity contact spacing of at least eight times this thickness be selected to ensure that an accurate measurement of the resistivity of the underlying concrete is made. Where the carbonation layer thickness exceeds the concrete cover, it will be the resistivity of the carbonated layer that will influence the rate of corrosion, not that of the underlying uncarbonated concrete. In this case a resistivity contact spacing equal to or less than the carbonation layer thickness is recommended to ensure that an accurate measurement of the resistivity of the carbonated layer is made.
Effect of ambient environmental conditions
Resistivity measurements were monitored on prisms of different concrete types, together with the concrete temperature (surface and internal), air temperature, relative humidity, and rainfall.
In general, resistivity varied inversely with temperature. The three temperatures followed each other reasonably closely, but the best correlation was found between the resistivity and the internal concrete temperature. 13 However, though the internal concrete temperature did not show such extremes of variation as the air temperature, it is very inconvenient to measure in an existing concrete structure. Relatively complex formulae may be found to relate resistivity to temperature, 14 but for practical purposes, the observed relationship between resistivity measured by the Wenner technique and air temperature was found to be inversely linear, with a typical slope of -0.33 kΩcm/C ( Fig. 9 ). An adjustment of +1 kΩcm for each 3 C fall in temperature could be used to correct resistivity measurements back to a standard temperature.
No clear correlation was found between the measurement of resistivity and either the ambient relative humidity of the air or the occurrence of rainfall. Some unexpected high resistivity measurements were observed, however, that corresponded to the onset of rainfall after a period of several days of dry weather.
Further investigation of this effect was carried out, using several different contact spacings. One concrete prism was selected that had a carbonated layer of thickness 1 cm. The resistivity was measured after a prolonged period of dry weather, just before rainfall. Subsequent measurements were taken just after rainfall started and again one day later, when the rainfall had stopped again (Fig. 10 ).
An increase in measured resistivity was observed after rainfall started, indicating the double surface layer effect described previously. One day later, after the concrete surface had dried, the resistivity measurements returned to their previous values for contact spacings of a ≥ 4 cm, but not for smaller spacings. This indicated that the wetting of the surface layer was still having an influence. Therefore, it is recommended that a contact spacing of a ≥ 4 cm should always be used to minimize the surface wetting effects, even following 24 h of dry weather. If resistivity measurements are taken when the ambient temperature is abnormally high or low, then a temperature compensation correction is recommended before the resistivity is used to estimate typical rates of corrosion.
CONCLUSIONS
Certain definite recommendations may be made for the use of the Wenner technique in measuring the resistivity of concrete, based on the results of the work described in this paper. These may be summarized as follows:
1. Use the four-contact resistivity method to avoid any influence from the contact surface area.
2. Use a low-frequency AC applied current to avoid spurious mode voltage. Do not use a DC current.
3. Insure a good electrical correction between each contact and the concrete surface. 4. Use a contact spacing of at least 1.5 times the size of the maximum aggregate size in the concrete.
5. Use a Wenner contact spacing less than or equal to one quarter of the concrete section thickness.
6. Measure the concrete resistivity at a minimum distance of twice the contact spacing from the edge of the concrete section.
7. Use an electromagnetic covermeter or bar locator to insure that resistivity measurements are taken remote from underlying steel reinforcement. 8. Where the proximity of a steel reinforcing bar is unavoidable, use a contact spacing less than or equal to twothirds of the concrete cover to minimize the error in resistivity measurement due to the presence of the bar. 9. Use a contact spacing of at least 4 cm, where surfacewetting effects might be expected.
10. Measure at least 24 h after a rainfall has occurred. 11. If the presence of a low-resistivity surface layer is unavoidable, use a contact spacing not less than eight times the thickness of this layer. 12. A temperature compensation of +1 kΩcm per 3 C fall in ambient temperature may be used to convert resistivity measurements to a standard temperature.
These recommendations have been summarized schematically in Fig. 11 . 
